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Abstract: Whole-genome sequencing of the soybean (Glycine max (L.) Merr. ‘Williams 82’) has made it important to in-
tegrate its physical and genetic maps. To facilitate this integration of maps, we screened 3290 microsatellites (SSRs) iden-
tified from BAC end sequences of clones comprising the ‘Williams 82’ physical map. SSRs were screened against 3
mapping populations. We found the AAT and ACT motifs produced the greatest frequency of length polymorphisms, rang-
ing from 17.2% to 32.3% and from 11.8% to 33.3%, respectively. Other useful motifs include the dinucleotide repeats
AG, AT, and AG, with frequency of length polymorphisms ranging from 11.2% to 18.4% (AT), 12.4% to 20.6% (AG),
and 11.3% to 16.4% (GT). Repeat lengths less than 16 bp were generally less useful than repeat lengths of 40–60 bp. Two
hundred and sixty-five SSRs were genetically mapped in at least one population. Of the 265 mapped SSRs, 60 came from
BAC singletons not yet placed into contigs of the physical map. One hundred and ten originated in BACs located in con-
tigs for which no genetic map location was previously known. Ninety-five SSRs came from BACs within contigs for
which one or more other BACs had already been mapped. For these fingerprinted contigs (FPC) a high percentage of the
mapped markers showed inconsistent map locations. A strategy is introduced by which physical and genetic map inconsis-
tencies can be resolved using the preliminary 4� assembly of the whole genome sequence of soybean.

Key words: SSR, molecular marker, genome sequence, assembly, physical map.

Résumé : Le séquençage complet du génome du soya (Glycine max (L.) Merr. ‘Williams 82’) a rendu importante
l’intégration des cartes génétique et physique. Afin de faciliter cette intégration, les auteurs ont criblé 3290 microsatel-
lites (SSR) trouvés au sein des séquences terminales de clones BAC qui composent la carte physique de ‘Williams
82’. Les SSR ont été examinés chez trois populations de cartographie. Les motifs AAT et ACT ont produit les fré-
quences les plus élevées de polymorphisme; pour ces deux motifs, le polymorphisme variait respectivement entre
17,2 % et 32,3 % ainsi qu’entre 11,8 % et 33,3 %. Parmi les autres motifs utiles, notons les répétitions dinucléotidi-
ques AG, AT et GT dont les proportions de locus polymorphes étaient les suivantes : 11,2 % – 18,4 % (AT),
12,4 % – 20,6 % (AG) et 11,3 % – 16,4 % (GT). Les répétitions totalisant moins de 16 pb étaient généralement
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moins utiles que celles totalisant entre 40 et 60 pb. Deux cent cinquante-six SSR ont été cartographiés sur au moins
une population. Parmi les 265 SSR cartographiés, 60 provenaient de clones BAC uniques ne faisant pas encore partie
de contigs composant la carte physique. Cent dix provenaient de clones BAC appartenant à des contigs dont la posi-
tion sur la carte génétique n’était pas encore connue. Quatre-vingt-quinze SSR provenaient de clones BAC appartenant
à des contigs dont au moins un BAC avait déjà été situé sur la carte génétique. Parmi ces contigs FPC, une forte
proportion des marqueurs cartographiés souffrait de positions incohérentes. Une stratégie est employée pour résoudre
les incohérences entre les cartes physique et génétique à l’aide de l’assemblage préliminaire 4� du génome du soya.

Mots-clés : SSR, marqueur moléculaire, séquence du génome, assemblage, carte physique.

[Traduit par la Rédaction]

______________________________________________________________________________________

Introduction
A physical map of the soybean (Glycine max (L.) Merr.)

cultivar ‘Williams 82’, the genotype ‘‘standard’’ chosen by
the soybean community for genomic studies (Stacey et al.
2004), was developed using a high information content fin-
gerprint (HCIF) approach (Luo et al. 2003; Warren and The
Soybean Mapping Consortium 2006). The initial map was
developed from two independent BAC libraries and was as-
sembled with FPC (Soderlund et al. 2000; Pampanwar et al.
2005; Warren and The Soybean Mapping Consortium 2006).
This map was derived from 97 272 fingerprinted BAC
clones, which were assembled into 1893 contigs and approx-
imately 30 000 singletons; this map is available at Soy-
Base (http://www.soybase.org) and The Soybean
Breeder’s Toolbox at http://soybeanphysicalmap.org/.

For an FPC map to be useful in the assembly of a whole
genome sequence it must be anchored and overlaid onto the
genetic map (Jackson et al. 2006). A high-quality physical
map is an essential tool for improving and assessing the val-
idity of a whole genome sequence assembly (Warren et al.
2005, 2006). The association of the physical map with the
genetic map also has immediate application for cloning
genes. In addition, a genetically anchored physical map of a
complex genome allows better understanding of genome
structure and organization, which may be misinterpreted us-
ing a strict whole-genome sequencing strategy.

Microsatellites (SSRs) are tandem repeat sequences of
various lengths that are widely distributed throughout the
genomes of plants and animals (Burow and Blake 1998).
They are commonly detected through gel electrophoresis of
a polymerase chain reaction (PCR) amplification product
that encompasses the repeat sequence. The high frequency
of length polymorphisms among different genotypes has
made SSRs useful as molecular markers in a large number
of species of plants and animals.

Microsatellites were first described for soybean by Ak-
kaya et al. (1992). They were used for genetic mapping in
soybean (Morgante et al. 1994; Akkaya et al. 1995) and
then for assessment of variation among G. max and G. soja
accessions (Powell et al. 1996). Soybean SSRs have been
used with limited success across other legume genera (Pea-
kall et al. 1998). Their ability to detect single loci in a pale-
opolyploid genome such as soybean made them essential for
the creation of an integrated genetic linkage map (Cregan et
al. 1999; Song et al. 2004). SSRs have allowed us to align
the molecular-marker linkage map to the cytogenetic map
(Zou et al. 2003) and position ‘Forrest’ BAC clones to the
genetic map (Shultz et al. 2007).

The ability of SSRs to detect single loci, even in a paleo-
polyploid genome such as soybean, would seem to imply
that a single SSR should be associated with a single locus
on a map. However, for the ‘Forrest’ physical map it was
reported that many DNA markers seemed to ‘‘anchor’’ sev-
eral distinct contigs (Shultz et al. 2006). The same situation
is observed in the ‘Williams 82’ physical map (http://
soybeanphysicalmap.org). Improvement of the quality of a
physical map requires accurate genetic anchoring of FPC
contigs and a means by which contradictions in FPC contig
map locations can be resolved.

In this paper we report on the overlaying of the soybean
‘Williams 82’ physical map onto the genetic map through
identification and mapping of SSRs from end sequences of
BACs integrated into the physical map. We also propose a
strategy for the reciprocal quality control of the soybean ge-
netic and physical maps and the forthcoming whole genome
sequence assembly.

Methods and materials

BAC library construction
For map construction, two Glycine max ‘Williams 82’

BAC libraries were obtained. The GM_WBa BAC library
(Marek and Shoemaker 1997; previously referred to as
Gm_ISb001) was constructed using the HindIII site in
pBeloBAC11. The library consists of approximately 40 320
clones with an average insert size of 116 kb, representing
approximately 4 haploid genome equivalents. The
GM_WBb library was constructed using the BstYI site of
pCUGIBAC1 (C. Saski and J. Tomkins, Clemson University
Genomics Institute, unpublished data). The library consists
of 67 968 BAC clones with an average insert size of 138 kb
representing approximately 9 haploid genome equivalents.

BAC fingerprinting
Glycine max ‘Williams 82’ GM_WBa (HindIII) and

GM_WBb (BstYI) BAC libraries were fingerprinted as de-
scribed by Luo et al. (2003) with minor modifications
(below). In each 384-well plate, four blocks of 96 wells con-
taining 1.2 mL of 2� YT medium (Sambrook et al. 1989)
were inoculated with cells with a 96-well replicator. Two
pins were removed from the replicator for the insertion of
control clones into the 96-well blocks. Two control BAC
clones were inserted manually in wells E07 and H12 in
each 96-well block. The cultures were grown for 24 h on an
orbital shaker agitated at 400 r/min at 37 8C. BAC DNAs
were isolated with the QIAGEN R.E.A.L. Prep 96 Plasmid
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Kit (QIAGEN, Valencia, California). The following minor
modifications of the fingerprinting method were made to ac-
commodate the use of the ABI 3730xl (Applied Biosystems,
Foster City, California) instead of the ABI 3100 for capil-
lary electrophoresis. To reduce sample size, 0.5–1.2 mg in-
stead of 1.0–2.0 mg of BAC DNA was simultaneously
digested with 2.0 instead of 5.0 units of each of BamHI,
EcoRI, XbaI, XhoI, and HaeIII (New England Biolabs, Bev-
erly, Massachusetts) at 37 8C for 3 h. DNAs were labeled
with 0.4 mL instead of 1.0 mL of the SNaPshot Multiplex
Ready Reaction Mix (Applied Biosystems) at 65 8C for 1 h
and precipitated with ethanol. DNAs were dissolved in
9.9 mL of Hi-Di formamide, and 0.1 mL instead of 0.2 mL
of GeneScan LIZ500 size standard was added to each sam-
ple. Restriction fragments were sized with an ABI 3730xl
using 36 cm capillaries and POP-7 polymer (Applied Bio-
systems). Fragment size calling was accomplished with
GeneMapper software (Applied Biosystems) with the help
of FPPipeliner (http://www.bioinforsoft.com/). The Gene-
Mapper output data were edited with the GenoProfiler pro-
gram (You et al. 2007). The control BAC clones inserted in
each 96-well block were used to check for the correct orien-
tation of each plate. Fingerprints of cross-contaminated sam-
ples were detected using a module in GenoProfiler (You et
al. 2007) and eliminated from the data set.

Physical map construction
Initial assembly parameters of individual clone finger-

prints were determined empirically. After an optimized ini-
tial assembly of the fingerprints at a Sulston score of e–80,
tolerance of 4, we completed a series of contig merges with
the automerge function of FPC (Soderlund et al. 2000;
Pampanwar et al. 2005). Singletons were added up until a
Sulston score of e–66 and once again at a score of e–45,
restricting additions to clones with a minimum of 5 clone
matches. Once clone order was established, potential joins
between contigs were identified by querying the local data-
base with clones at the extreme ends of each contig, at a re-
duced fingerprint overlap stringency. At each stage of
automerge, contigs were surveyed manually and Q clone sta-
tistics were used to monitor contig quality. All contig
merges were stopped at a final score of e–26. Attempts to re-
duce the score further resulted in significant increases in Q
clone content. A final attempt to incorporate additional
clones into the map was accomplished by building the sin-
gleton pool of clones as a separate map and adding clone
contigs of 10 or greater. This build was done at a score of
e–26.

Identification of microsatellites
Fifty-nine thousand two-hundred and eighty-six BAC end

sequences (BES) and 121 681 BES with an average insert
size of 692 bp were retrieved from NCBI for the GM_WBa
and GM_WBb libraries, respectively. All BES were gener-
ated by the Arizona Genomics Institute (H. Kim, Y. Yu,
and R. Wing, unpublished data). These BES were searched
for microsatellite repeats. Microsatellites (di-, tri-, tetra-,
and penta-nucleotide core types, and mixed) were identified
using two protocols: Sputnik (http://espressosoftware.com/
pages/sputnik.jsp) and an in-house stepping and matching
algorithm. The latter program will accept up to 60 MB of

FASTA sequence input. The user specifies a threshold re-
peat size and the program reports both ‘‘perfect’’ and ‘‘im-
perfect’’ repeats (i.e., those containing mismatched bases as
insertions, deletions, or mutations relative to the core repeat
unit). Imperfect SSRs were accepted only if the mismatch
count was less than or equal to 10% of total bases and the
copy number count was at least the minimum allowed by
the threshold repeat size. Only SSRs 16 bp or larger were
evaluated.

PCR primers were chosen using Primer3 (Rozen and
Skaletsky 2000). We empirically determined the minimal
product size and highest primer quality that allowed Primer3
to find primers for over 90% of all targets.

Screening for length polymorphisms and genetic mapping
Microsatellites were evaluated for their ability to detect

length polymorphisms among pairs of soybean cultivars or
accessions: A81-356022 and PI 468.916, PI 437.654 and
BSR 101, and Minsoy and Noir I. These pairs are the pa-
rents in previously developed mapping populations. PI
468.916 is a G. soja accession, while the others are G. max.

Genetic mapping of length polymorphisms was conducted
in two populations. BSR 101 � PI 437.654 is a recombinant
inbred line (RIL) population consisting of 320 individuals
selected in the F6:7 generation (Lewers et al. 1999). Ninety-
four lines were selected for marker placement in this study.
The population A81-356022 � PI 468.916 is an established
interspecific population in the F2:4 generation. It was first re-
ported by Shoemaker and Olson (1993) and was used in the
construction of the soybean composite map (Cregan et al.
1999; Song et al. 2004).

The gel system was 6% acrylamide in 0.5� TBE buffer
pre-run at 300 V for 80 min with ethidium bromide. Sam-
ples were electrophoresed at 275 V for 120 min following
the protocol of Wang et al. (2003). Marker placement was
accomplished using MAPMAKER 3.0b (Lincoln et al.
1993).

Quality control of the genetic and physical map
associations

The preliminary 4� sequence assembly was created from
7 851 733 reads at the Joint Genome Institute – Stanford Hu-
man Genome Center, using the Arachne assembler (Batzo-
glou et al. 2002; Jaffe et al. 2003). The sequence space
represented 1 130 579 689 bases. Assembly resulted in se-
quence contigs with an average size of 157 040 bases and a
maximum length of 20 109 437 bases. The preliminary as-
sembly was made available to us by JGI for the purpose of
this analysis.

We used the preliminary 4� whole genome assembly (4�
WGS) of the soybean genome generated by JGI to compare
the positions of the microsatellites themselves to those of
the BACs they were associated with in earlier contig anchor-
ing efforts. For previously reported microsatellites, the BAC
end sequences (BES) for each BAC that contained a micro-
satellite and the genomic sequence from which the microsa-
tellite was derived were searched for sequence homology
using BLAST with cut-off values of 10e–50 and 10e–4, re-
spectively (Altschul et al. 1997) against the 4� WGS. For
the microsatellites, we used both of the BES from the BAC
from which the microsatellite was derived. We considered
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the top BLAST match (at least 98% identity) to the genome
sequence scaffolds to indicate correspondence between the
BAC and the WGS.

Mapping of all BES from a single FPC contig onto a
WGS scaffold was taken as evidence that the FPC contig
was likely assembled correctly. Similarly, correspondence
of the genomic sequence from which previously mapped mi-
crosatellites had been derived (marker sequence) to the same
WGS contig was taken as evidence that the microsatellite
was properly associated with the FPC contig. Lack of corre-
spondence between the WGS contig identified using marker
sequence and the WGS contig identified by the BES puta-
tively identified by the marker suggested that the microsatel-
lite was falsely associated to the FPC contig.

Using this approach we assayed BES and marker se-
quence from 22 FPC contigs that contained at least two pre-
viously mapped molecular markers, but one or more of them
with a position inconsistent with the linkage map. We also
assayed BES and marker sequence from another 12 FPC
contigs chosen at random that contained similar conflicting
positions but did not contain any SSRs mapped in this study.

Results

Physical map
Previous RFLP hybridization to high-density filters and

PCR screening of multidimensional pools of BAC clones us-
ing genetically mapped SSR primers resulted in identifica-
tion of 472 contigs with genetic map positions. One
hundred and nine of these contigs contained markers from
more than one linkage group (http://soybeanphysicalmap.
org/). This was not surprising given the hybridization-based
protocol and the duplicated nature of the soybean genome
(Shoemaker et al. 1996; Schlueter et al. 2004). The original
build of the map can be found at SoyBase (http://www.
soybase.org) and The Soybean Breeder’s Toolbox (http://
soybeanphysicalmap.org/). Manual curation of this map by
several groups continues.

Effect of repeat class and repeat length on detection of
length polymorphisms

Oligonucleotide primers were designed for a total of 3290
microsatellites. All microsatellites were screened against
A81-356022 (G. max) and PI 468.916 (G. soja), parents of
an interspecific mapping population. A portion of the micro-
satellites (2054) were screened against BSR 101 and PI
437.654 and against Minsoy and Noir I, parents of two addi-
tional intraspecific mapping populations.

There was a strong relationship between a microsatellite’s
repeat class and its usefulness as a genetic marker. The AAT
class of repeats produced the greatest frequency of length
polymorphisms, ranging from 17.2% in the Minsoy � Noir
I cross to 32.3% in the interspecific cross (A81-356022 �
PI 468.916) (Table 1). The ACT motif is also quite produc-
tive (Table 1), although it was not an abundant class. Other
useful repeat classes include the dinucleotide repeats AT,
AG, and GT, with frequency of length polymorphisms rang-
ing from 11.2% to 18.4% (AT), 12.4% to 22.7% (AG), and
11.3% to 16.4% (GT). Surprisingly, some repeat classes,
such as AGG, were very useful in the interspecific popula-
tion but less informative in one or both of the intraspecific
crosses, while others, such as AAG, were 3 times more in-
formative in the BSR 101 � PI 437.654 population than in
either of the other two populations (Table 1).

The repeat length (number of repeat unit repetitions) of a
microsatellite was also strongly associated with its useful-
ness as a genetic marker. Repeat lengths less than 16 bp
were not generally useful for detecting length polymor-
phisms. Dinucleotide repeats were generally longer and
showed a wider range of length than trinucleotide repeats.
Within the interspecific cross combination the frequency of
length polymorphisms increased steadily as repeat length in-
creased from 16 bp to 40 bp, where it peaked at 24%, then
remained relatively constant through repeat lengths up to 70
bp, and then declined through lengths up to 90 bp. Fre-
quency of length polymorphisms then increased to approxi-
mately 27% with repeat lengths greater than 100 bp (Fig. 1).

Table 1. Usefulness of repeat class types in detecting length polymorphisms between parents of three soybean
mapping populations.

Mapping population parental genotypes

Repeat class Mean size (bp) A81-356022 vs. PI 468.916 BSR 101 vs. PI 437.654 Minsoy vs. Noir I
(AT)n 43 18.4 (282/1534) 14.9 (181/1213) 11.2 (136/1213)
(GT)n 43 16.4 (49/298) 15.4 (37/240) 11.3 (27/240)
(AG)n 28 22.7 (75/330) 20.6 (50/243) 12.4 (30/243)
(AAC)n 23 15.3 (31/203) 14.0 (21/150) 11.3 (17/150)
(AAG)n 21 6.1 (28/458) 18.2 (16/195) 5.6 (11/195)
(AAT)n 38 32.3 (132/409) 27.0 (88/326) 17.2 (56/326)
(ACC)n 19 8.0 (2/25) 7.1 (1/14) 0 (0/14)
(ACG)n 18 0 (0/2) 0 (0/1) 0 (0/1)
(ACT)n 21 11.76 (2/17) 33.3 (4/12) 16.7 (2/12)
(AGC)n 18 9.1 (1/11) 0 (0/7) 0 (0/7)
(AGG)n 21 14.6 (8/55) 7.7 (3/39) 0 (0/39)
(ATC)n 18 12.4 (10/81) 11.1 (3/27) 14.8 (4/27)
(CCG)n 19 40.0 (2/5) 33.3 (1/3) 0 (0/3)

Note: Values shown are the frequency (%) of length polymorphism. In parentheses are the number of SSRs producing a
length polymorphism detectable using the described gel conditions (before the slash) and the number of SSRs tested against
the parental genotype (after the slash).
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The frequency of length polymorphisms increased steadily
in the intraspecific combinations as repeat length increased
to 51–60 bp. The frequency of length polymorphisms be-
tween the Minsoy and Noir I parents then began to decline
as repeat length increased. An increase in frequency of
length polymorphisms was again seen with repeats greater
than 100 bp in the BSR 101 � PI 437.654 cross combina-
tion (Fig. 1).

Genetic mapping of BES-derived SSRs
To improve the quality of the ‘Williams 82’ physical

map, 265 SSRs discovered in BES were genetically mapped
in at least one of two populations: A81-356022 � PI
468.916 and BSR 101 � PI 437.654. The distribution of the
repeat classes of the mapped SSRs among the 20 soybean
linkage groups is shown in Table 2. Di- and tri-nucleotide
repeats were the most abundant and the most frequently
mapped. Mononucleotide repeats were not assayed. Detailed
information on SSR primer sequences, repeat motifs, associ-
ated linkage groups, and allele sizes can be found in the
United States Department of Agriculture’s soybean genetic
d a t a b a s e a t h t t p : / / s o y b a s e . o r g / R C S % 2 0 p a p e r %
20web%20table%201.html.

Of the 265 mapped SSRs, 60 were derived from BAC
singletons, clones not yet placed into FPC contigs of the
physical map. Eight of these 60 SSRs came from BACs al-
ready associated with a genetically mapped marker and the
SSR confirmed the map position of the BAC, while the re-
maining 52 came from previously unmapped BACs. One
hundred and ten of the 265 SSRs originated from BACs
thought to be assigned to 90 distinct FPC contigs for which

no genetic map location was previously known. This re-
sulted in some contigs containing more than one BAC from
which SSRs were developed and mapped. The last 95 SSRs
came from BACs assigned to FPC contigs with at least one
BAC associated with a mapped marker. Fifteen of the 67
contigs in this class contained SSR markers anchoring the
contig to the linkage map. Twenty-four contigs associated
with a linkage group contained SSR markers that mapped to
different locations in the genome. This incongruity sug-
gested that the assignments of some BACs warranted revi-
sion. Map positions of new SSRs did not match those of
other previously mapped markers in an additional 27 con-
tigs.

Quality control of the genetic and physical map
associations

The association of all BAC end sequences from one FPC
contig to one whole genome sequence contig was taken as
evidence that the FPC BAC contig was likely assembled
correctly. Correspondence of the genomic sequence from
which a previously mapped microsatellite had been derived
to the same WGS contig was taken as evidence that the
microsatellite was properly associated with the FPC contig.
Lack of correspondence between the WGS contig identified
using the sequence from which the microsatellite had been
derived and the WGS contig identified by the BES puta-
tively identified by the marker indicated that the microsatel-
lite was falsely associated to the FPC contig.

Using this approach we assayed BES and marker se-
quence from 22 physical contigs that contained 36 SSRs
mapped in this study. These FPC contigs were chosen be-

Fig. 1. The effect of microsatellite length on the frequency of detectable length polymorphisms between parents of three soybean mapping
populations.
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cause they also contained genetic ‘‘anchors’’ for which the
marker map locations were contradictory, but at least one
‘‘anchor’’ consistent with the linkage group of the SSR
mapped in this study. Examples of results from 3 FPC
contigs are shown in Table 3. For example, for FPC contig
3955 the BES of the 3 BACs assayed all correspond to the
same WGS contig, indicating that these BACs rightfully
belong together in a contig. The sequences for 2 markers
(SSR1766 and Satt268) match the same WGS contig,
indicating that these markers are correctly associated with
the FPC contig. Since both of these markers map to linkage
group (LG) E, we can confidently say that FPC contig 3955
and WGS contig 111 are located on LG E. Satt542 is
probably incorrectly associated with FPC contig 3955. In
previous studies, markers occasionally identified multiple
BACs in a contig (e.g., Sat_338 or Satt146). Our analyses

sometimes yielded consistent results (Sat_338) and some-
times the BLAST results were ambiguous (Table 3).

These analyses confirmed the linkage group–FPC contig
association for 30 (83%) of the 36 SSRs we examined (data
not shown). The other 6 could not be confirmed by the
BLAST results. The same analysis was able to identify 38
previously mapped microsatellites that were probably falsely
associated with BACs within contigs. Results from this
analysis also identified 4 FPC contigs that may contain
improperly assigned BACs or, conversely, WGS assemblies
that may require reassembly.

We also assayed BES and marker sequence from another
12 FPC contigs chosen at random that contained conflicting
‘‘anchors’’ but which did not contain any SSRs mapped in
this study. Using the criteria listed we were able to identify
the most probable correct anchor for 90% of the contigs

Table 2. Distribution of repeat classes of mapped microsatellites on soybean linkage groups.

Linkage group

Repeat
unit size Al A2 B1 B2 C1 C2 D1a D1b D2 E F G H I J K L M N O
Di 8 2 7 11 12 7 11 8 7 7 7 5 12 11 2 6 8 8 15 7
Tri 8 5 3 2 3 4 8 1 5 7 3 2 2 3 5 5 5 6 6 2
Tetra 1 1 2 3 2
Penta 1 3 1 1 1 1
Mixed 1 1

Note: Repeat unit sizes range from 2 to 5 nucleotides. ‘‘Mixed’’ refers to a subset of instances wherein multiple repeats consisting of more than one
core type are flanked by a single pair of primers.

Table 3. Examples of ‘Williams 82’ physical and genetic map quality control.

FPC contig
No. Marker LG

Marker
WGSa

BES-F
WGSb

BES-R
WGSb

BES-F
WGS

BES-R
WGS

BES-F
WGS

BES-R
WGS

BES-F
WGS

BES-R
WGS

3955 SSR1766 E 111c 111 111
Satt542 D1b 247 111 111
Satt268 E 111 111 111

1524 SSR3996 D2 16 16 16
Satt050 A1 385 16 16
Satt432 C2 210 16 —
Sat_300 D2 16 5 — 16 16
Sat_338 D2 16 16 16 16 16 16 16 16 16
Satt082 D2 16 16 16
Satt514 D2 16 16 16
Satt528 D2 16 52 16
Satt146 F 25 99 16 16 16 52 52 46 46

97 SSR0251 D1a 403 403 —
SSR0520 D1a 403 403 —
SSR2979 D1a 403 403 —
Satt129 D1a 54 403 403
Satt532 D1a 403 403 403 403 403
Satt242 K 386 403 403

Note: Genomic and BAC end sequence from which microsatellites were derived was searched for sequence homology using BLAST against a
preliminary 4� assembly of the whole genome sequence of soybean and the sequence contig identified was recorded. Only ‘‘best hits’’ are
shown. Because Sat_ and Satt markers were screened against BAC pools they often identified multiple BACs, e.g., Sat_338. —, sequence not
available.

aMarker WGS, whole genome sequence preliminary contig that was returned as a best hit when BLASTed against genomic DNA from which the
microsatellite was derived.

bBES-F and BES-R, forward and reverse BES of BACs identified with microsatellites (Sat_ and Satt) or forward and reverse BES from which
microsatellites were discovered (SSR).

cBecause SSR markers were discovered in a BES the WGS contig for the marker is the same as the BES from which it was derived.
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(data not shown). A similar strategy is currently under way
to assess all contig associations and the preliminary whole
genome sequence assembly.

Discussion
More than 120 Mb of soybean genomic sequence derived

from BAC end sequences were evaluated in this study. We
found microsatellites with repeat lengths > 30 bp to be the
most informative with our mapping parents and gel system.
The frequency of polymorphisms remained relatively high
between the interspecific parents and dramatically surged
with repeat lengths greater than 100 bp. The frequency in-
creased slowly in both intraspecific cross combinations until
repeat lengths approached 60 bp. Length polymorphism fre-
quency rose with very large repeat lengths in two popula-
tions, but the frequency dropped between the Minsoy and
Noir I parents, suggesting perhaps common ancestry. We
also identified repeat classes (e.g., AT, AG, AAT) that were
strikingly more productive at identifying length polymor-
phisms than other classes (e.g., AAG or AGG). Some repeat
classes, such as CCG, ACG, and AGC, were rarely ob-
served. The SSRs identified, developed, and mapped in this
study are available to researchers.

The frequency of length polymorphisms peaked at 15% in
the Minsoy � Noir I population. This coincided with the
frequency of polymorphisms detected in the same popula-
tion by Shultz et al. (2007) but was considerably lower than
the level reported by Song et al. (2004). Frequency of length
polymorphism in the other two populations was also similar
to that reported for other populations by Shultz et al. (2007)
but was generally lower than the frequency detected in other
studies using BARC_SSR markers (Njiti et al. 2002). This
may be due to the methods of selection and development of
the Beltsville, Maryland, BARC_SSRs, which imposed some
selection for loci that were more polymorphic (Song et al.
2004).

A high-quality physical map is an important asset to a ge-
nomics research community, even a community with an im-
pending whole genome sequence. An assessment of a
strictly whole genome shotgun sequencing strategy for com-
plex genomes predicted a number of potential problems, in-
cluding a limited ability to resolve duplications, the
concomitant loss of genes embedded within the duplicated
segment, and an underestimation of the amount of euchro-
matin (She et al. 2004). A hybrid strategy involving rese-
quencing of BACs mapped to the region of excessive
divergence and read depth was recommended (She et al.
2004). The only way to prepare for this contingency is to
have a well-developed physical map that is overlaid onto a
sequence-based genetic map. Here we report the mapping
of 265 SSRs derived from end sequences of BACs inte-
grated into the soybean ‘Williams 82’ physical map.

There still remain numerous FPC contigs containing con-
flicting marker data. The ability of SSRs to detect single
loci, even in a polyploid genome such as soybean, has
made them essential in the creation of an integrated genetic
linkage map (Cregan et al. 1999; Song et al. 2004). With
this in mind, the assignment of microsatellite markers to
BACs within a contig also containing microsatellite markers
that map to alternative linkage groups remains a puzzle.

During the development of the ‘Forrest’ physical map it
was reported that many DNA markers anchored from 2 to 8
distinct contigs (Shultz et al. 2006). These authors indicated
that SSRs were able to identify homeologous regions when
used in BAC pools (Shultz et al. 2006). They concluded
that each contig probably represented a homologous region
of sequences derived from genome duplication events.
Although we were unable to confirm this in the current
study, this scenario is consistent with the relatively recent
genome duplication that occurred in the soybean genome
(Blanc and Wolfe 2004; Schlueter et al. 2004, 2006). It is
also possible that microsatellites have been incorrectly as-
signed to specific BACs through false positives associated
with multidimensional pooling strategies (Klein et al. 2000),
cross-well contamination of libraries, etc.

Our results raise the number of genetically anchored con-
tigs from 472 to 562. Because the SSRs used in this study
were derived directly from BAC sequence, we can assume
the marker–BAC associations are accurate to a high degree.
The independent comparisons of BES and marker sequence
to a preliminary WGS assembly also were shown to have
the potential to increase the quality of contig assemblies.
Here we used BLAST with BES and SSR-originating ge-
nomic sequence to look for matches with the preliminary
4� whole genome assembly of soybean. Some contigs resist
analyses using this approach. This could be due to any num-
ber of reasons including a high degree of repetitive se-
quence, contig misassembly, etc. Although the WGS
assembly is preliminary and is intended only for quality con-
trol evaluations, on the basis of the number of resolutions of
incongruous BAC assignments, our results suggest that a
similar genome-wide strategy may result in as much as a
90% improvement in physical map quality. It could also
identify putative problem areas in FPC and WGS contigs.
These efforts are currently under way. This version of the
physical map is still undergoing independent review and
quality control by members of the soybean genome com-
munity, and we expect the merging of additional contigs
and the adjustment of contig order with more genetic marker
information to be forthcoming.
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